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Understanding Cuticle Development in Tomato through the Study of Novel
Germplasm with Malformed Cuticles

Abstract

Plant cuticle development and metabolism are still poorly understood, partly due to the
chemical complexity of the cuticular layer. The overall research objective was to broaden and
deepen our understanding of tomato fruit cuticle development by analyzing novel germplasm
with cuticular malformations and by studying the transcriptome and proteome of the fruit
epidermal tissues, as strategies to overcome the challenges posed by the recalcitrance of the
biological system.

During the project we succeeded in identifying two genes with major impact on cuticle
development. One of these encoded the first cutin synthase to be identified in plants, a
metabolic step that had been a black box in cutin synthesis. In addition genes controlling the
triterpenoid components of the cuticle were identified and, most interestingly, genetic
variability for this component was identified among the wild tomato species germplasm.
Additional germplasm was developed based on interspecific crosses that will allow for the
future characterization of modifier genes that interact with the microfissuring gene (CWP) to
promote or inhibit fruit cracking. One of the major accomplishments of the joint project was
the integrated transcriptomic and proteomic analysis of the fruit cuticle and underlying tissues
which allows for the identification of the pericarp cell layers responsible for the extracellular,
cuticle-localized protein component.

The results of the project have expanded our understanding of tomato fruit cuticle
development and its genetic control. In addition, germplasm developed will be useful in
developing tomato varieties resistant to cracking, on the one hand, and varieties useful for the

dehydration industry on the other.
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Evaluation of the research achievements as relates to the original research proposal and
objectives.
We successfully cloned and characterized two genes whose mutant forms lead to simply

inherited cuticle malformation phenotypes. The cml17 gene, which we renamed hyper-
cracking 1 (HCR1), was predicted to encode a bifunctional enzyme; 3B-hydroxysteroid
dehydrogenase/C-4 decarboxylase (33-HSD/D1) of the steroid biosynthetic pathway. Sterol
profiling showed that the mutation results in a significant reduction in sterol levels in hcrl
mutant fruits. Characterization of the hcrl mutant using morphological, cytological and
molecular approaches showed that the loss-of-function of the 3p-HSD/D1 enzyme results in
an inhibition of cell expansion and division in the hcrl fruit pericarp. Our data suggest that
the massive fruit cracking results from an uncoordinated tissue growth rate between the
pericarp and the inner tissue due to the limited growth potential of the pericarp. Analysis of
major polysaccharide components of the pericarp cell wall showed that hcrl mutant exhibits a
major cellulose deficiency, while pectin levels were normal. This result underscores the

importance of sterols in cellulose biosynthesis.

In addition, we mapped the CD1 gene and showed that the locus is predicted to encode a
GDSL-motif lipase/hydrolase family protein, a superfamily of proteins that includes both
predominant lipases and acyltransferases. In the wild type fruit, cutin is abundant and
composed primarily of inter-esterified monomers of 10,16-dihydroxyhexadecanoic acid
(DHHA). However, fruit of the cd1l tomato mutant show a severe reduction (>95%) in the
amount of polymerized cutin, but accumulate the soluble glyceryl ester of the cutin monomer,
2-mono-(10,16-dihydroxyhexadecanoyl)glycerol (2-MHG). A long-standing question in plant
lipid biology has been the mechanism and location of cutin polymerization, particularly given
its insoluble and extracellular nature. In vitro, CD1 catalyzes the formation of ester oligomers
from 2-MHG, suggesting that cutin polymerization in planta proceeds via successive rounds
of transesterification, leading to esterified DHHA groups and the release of free glycerol.
Thus we concluded that CD1 is a cutin synthase that catalyzes the formation of 95% of the

tomato fruit cutin.

We performed additional biochemical characterization of CD1 and putative orthologs from
Arabidopsis thaliana and the moss Physcomitrella patens. We demonstrated that members of
this ancient and conserved family of cutin synthase (CUS) proteins act as polyester synthases.
Moreover, solution-state NMR analysis indicates that CD1 catalyzes the formation of
primarily linear cutin oligomeric products. These results reveal a conserved mechanism of

cutin polyester synthesis in land plants.
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Remarkable species diversity in the structure and composition of the cuticle components,
cutin and wax, have been catalogued, but few functional or genetic correlations have
emerged. With the aim of evaluating the relationships between evolution, structure and
function of the cuticle, we characterized the morphological and chemical diversity of fruit
cuticles of seven species from Solanum Sect. Lycopersicon. Striking differences in cuticular
architecture and quantities of cutin and waxes were observed, with wild species wax coverage
exceeding that of S. lycopersicum by up to seven fold. Wax composition varied in the
occurrence of wax esters and triterpenoid isomers. Using a S. habrochaites introgression line
population, we mapped triterpenoid differences to a genomic region that includes two S.
lycopersicum triterpene synthases. Based on known metabolic pathways for acyl wax
compounds, hypotheses are discussed to explain the appearance of wax esters with atypical
chain lengths. These results establish a model system for understanding the ecological and

evolutionary functional genomics of plant cuticles.

Most studies of tomato fruit pericarp biology have involved homogenization of the whole
fruit pericarp, with its many constituent cell types, in order to isolate and study transcripts,
proteins or metabolites. We coupled pyrosequencing technology with laser capture
microdissection (LCM) to characterize the transcriptomes of the five principal tissues of the
pericarp from tomato fruits. A total of 20,976 high quality expressed unigenes were identified,
of which more than half were ubiquitous in their expression, while others were cell type
specific, or showed distinct expression patterns in distinct tissues. The data provide new
insights into the spatial distribution of many classes of regulatory and structural genes,
including those involved in energy metabolism, source-sink relationships, secondary
metabolite production, cell wall biology and cuticle biogenesis. Finally, patterns of similar
gene expression between tissues led to the characterization of a previously uninvestigated
cuticle on the inner surface of the pericarp, demonstrating the utility of this approach as a
platform for biological discovery. The results of the transcriptomic analysis has been made

publically available at the Tomato Functional Genomics Database (http://ted.bti.cornell.edu/)

We performed a proteomics study of isolated cuticles of IMG fruit harboring the cwp™" allele.
We hypothesized that we could observe the CWP protein in such a preparation if it was
transported out of the epidermal cells. Our results identified 47 proteins in extracts of what
appeared to be highly cleaned cuticle material, as indicated by SEM. However, the CWP
protein was not observed in the cleaned cuticle. In contrast, proteomic analysis of the IMG

fruit peel which included the cell layers below the epidermis did show CWP protein present.
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These results indicate that the CWP protein is not localized in the extracellular cutin fraction
but rather in either the epidermal or sub-epidermal cells. All of the 47 proteins identified
showed expression in the outer epidermis transcriptome performed by laser dissection,
described above. One of the proteins identified is the highly epidermal-specific CD1 protein
which was cloned as part of the project. This is the first report of proteins isolated from
cleaned cuticles and extends the proteomic results of tomato cuticles extracted by the dip
method of whole fruit previously performed. We hypothesize that the proteins are synthesized
in the epidermal cells and transported into the extracellular cuticular region, perhaps in
association with the cuticle-embedded polysaccharide layer. The results of this study are
being prepared for publication.

We observed that Cwp"® expression causes cuticle fissuring in only S. lycopersicum and S.
cheesmaniae, but not in S. pimpinellifolium or any of the green fruited species. This led us to
undertake a QTL analysis on Fs families of the cross of S. lycopersicum and S.
pimpinellifolium lines which are homozygous cwp"®cwp™® and segregate for fissuring.
Unfortunately, the QTL study was inconclusive and we therefore established near-isogenic
tomato lines based on interspecific crosses of the wild S. pimpinellifolium, which is not
susceptible to microfissuring in the presence of CWP gene expression, with both the
cultivated tomato and the wild species S. cheesmanii, both of which are susceptible to
microfissuring. Following successive generations of selection we have finally succeeded in
establishing stable Fs near-isogenic lines derived from a three-species cross that all harbor the
cwp"®cwp™® introgression from S. habrochaites and that differ in their susceptibility to
microfissuring. This material is being studied for differential gene expression and QTL
mapping by genotyping by sequencing and the results are not yet available at the time of

writing this report.
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increase in fruit microfissuring due to the cwp"® allele. We found that low
temperature increases dramatically cwp"® gene expression. In addition, the
cwp"® undergoes alternative splicing to at least 5 variants, only one of which
leads to fruit microfissuring. This particular variant is also relatively
increased due to low temperature. Together these results explain the low
temperature effect on fruit fissuring and dehydration.
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The cwp allele of the grren fruited wild species of the tomato clade is
expressed whereas the alleles of the colored fruited wild species are not,
allowing for non-fissured cultivated tomato fruit that do not readily
dehydrate. By performing an interspecif promoter sequencing and analysis we
identified two deletions in the cwp promoters of the three colored fruited
species and showed that these deletions are responsible for the gene silencing.
The identification of the transcription factor responsible, via 1Y hybrid
strategy is in progress.

3. Frankel, R., et al, Schaffer, A.A. Proteome of tomato fruit cuticles and
localization of the CWP protein.

In oreder to identify the location of the CWP protein and the region of gene
transcription we performed differential proteome analysis, along with in-situ
hybridization. Both strategies indicate that cwp is expressed in the
subepidermal cells and that the protein remains there and is not exported to
the extracellular cuticle. This suggests a role of CWP in pericarp cellular
development rather than as a component of cuticular biomechanical structure.
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